Thermal control characteristics of a diffuse bladed specular base louver system  Final report by Butler, H. W. et al.
c THERMAL CONTROL CHARACTERISTICS OF 
A DIFFUSE BLADED SPECULAR 
BASE LOUVER SYSTEM 
H. W. Butler 
J. F. Parmer 
E. A. Stipandic 
https://ntrs.nasa.gov/search.jsp?R=19680020677 2020-03-12T10:21:34+00:00Z
Movable s h u t t e r s  o r  l o u v e r s  systems have been s u c c e s s f u l l y  flob7n 
on a number of s p a c e c r a f t  mi s s ions  t o  ensu re  temperature  c o n t r o l  of t h e  
s p a c e c r a f t .  Highly po l i shed  m e t a l l i c  louver  blades’ mounted over a 
d i f f u s e  1%7hite f a c e p l a t e  a r e  now s t a t e  of t h e  a r t .  However, i t  was de- 
c ided t o  i n v e s t i g a t e  t h e  thermal c h a r a c t e r i s t i c s  of  a new conf igu ra -  
t i o n  i n c o r p o r a t i n g  d i f f u s e  m e t a l l i c  b l a d e s  mounted over a s p e c u l a r  h igh  
s o l a r  r e f l e c t i n g  base s u r f a c e ,  
The i n v e s t i g a t i o n  i n c l u d e s  an  a n a l y t i c a l  d e t e r m i n a t i o n  of a l l  
h e a t  t r a n s f e r  c h a r a c t e r i s t i c s  of a louver  system operati .ng i n  f u l l  sun- 
l i g h t .  This  a n a l y s i s  i s  made wi th  t h e  assumption t h a t  d e f i n i t e  s u r -  
f ace  a r e a s  o f  i l l u m i n a t i o n  e x i s t  on t h e  d i f f u s e  b l ades  due t o  e i t h e r  
d i r e c t  s o l a r  impingement o r  a , s p e c u l a r  r e f l e c t i o n  front t h e  base  s u r f a c e .  
The r a d i o s i t y  approach i s  used i n  f i r s t  w r i t i n g  2 s o l a r  flus balance 
and s o l v i n g  f o r  a l l  thermal proper iies a s s o c i a t e d  wi th  t h e  s o l a r  region.  
A h e a t  ba l ance  is t hen  used t o  determine t h e  t e r r e s t r i a l  p r o p e r t i e s  of  
t h e  system. The s o l a r  and t e r r e s t r i a l  p r o p e r t i e s  a r e  then superimpos2d 
r e s u l t i n g  i n  t h e  de t e rmina t ion  o f  t h e  thermal c o n t r o l  c h a r a c t e r i s t i c s  
of  t h e  system. 
R e s u l t s  shor31 t h a t  u n l e s s  t h e  s p a c e c r a f t ’ l s  s t a b i l i z a t i o n  a l lows  
t h e  s o l a r  p o l a r  a n g l e  t o  be h e l d  c o n s t a n t  a t  O o ,  t h e  louver system 
cannot o p e r a t e  i n  f u l l  s u n l i g h t  w i th  a l i n e a r  a c t u a t o r  mechanism. The 
new c o n f i g u r a t i o n  coapares  favorably wi th  t h e  s p e c u l a r  b l ade  d i f  fus-?  
base louver  sys t en .  1Iinimuiii b l ade  temp2rature average 20CoX less for  
t h e  d i f f u s e  bladed s y s t e m  because of  t h e  e l i m i n a t i o n  of  m u l t i p l e  specu- 
l a r  r e f l e c t i o n s  of t h e  sun ' s  energy by t h e  s p e c u l a r  S l ades .  On t h e  
av6rage t h e  d i f f u s e  bladed s y s t e m '  r e j e c t s  less  energy than t h e  specu- 
l a r  b l a d e  system dur ing  t h e  maximuai d i s s i p a t i o n  p e r i o d s ,  b u t  i t  a l so  
abso rbs  less  energy d u r i n g  t h e  maximum a b s o r p t i o n  p e r i o d s .  
Using a modified i n t e g r a t i n g  sphe re  t h e  s o l a r  r e f l e c t a n c e  of four  
louver  t e s t  models was found f o r  v a r i o u s  s o l a r  p o l a r  ang le s .  Experi-  
mental  r e s u l t s  from t h e s e  tes ts  were found t o  compare f avorab ly  wi th  
t h e  a n a l y t i c a l  r e s u l t s ,  
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* e 6  i n t e r e s t  i n  r a d i a t i o n  h e a t  t r a n s f e r  has  been s t i m u l a t e d  
?i 
- -----,----- - c h n o l o g i c a l  advancements, e s p e c i a l l y  i n  connect ion wi th  
s# s p a c e c r a f t  mi s s ions .  For example, i n  a tmosphere-free space,  thermal 
r a d i a t i o n  i s  t h e  major t r a n s f e r  mechanism which a l lows  a s p a c e c r a f t  t o  
re jec t  waste h e a t .  
- - 
.%- 
The temperature  o f a  s p a c e c r a f t  i s  dependent on t h e  energy absorbed 
from i t s  environment, t h e  energy emi t t ed  from i t s  e x t e r n a l  s u r f a c e s ,  
and i t s  i n t e r n a l  h e a t  g e n e r a t i o n .  
The energy absorbed from i t s  environment c o n s i s t s  of a lbedo  r a d i a -  
t i o n  (energy r e f l e c t e d  by a p l a n e t  o r  i t s  atmosphere),  p l a n e t  r a d i a t i o n  
(energy emi t t ed  by a p l a n e t ) ,  and s o l a r  r a d i a t i o n  (energy emi t t ed  by 
t h e  sun).  For s t e a d y  s t a t e  e q u i l i b r i u m  t h e  temperature  o f  a s p a c e c r a f t  
i s  governed by t h e  equa t ion :  
For a n  i n t e r p l a n e t a r y  s p a c e c r a f t ,  o r  whenever t h e  a lbedo  and 
p l a n e t  e f E e c t s  can  be n e g l e c t e d ,  equa t ion  1 reduces t o  
and when solved f o r  temperature  
From equa t ion  3 i t  is  e a s i l y  seen  t h a t  an  op t ima l  s e l e c t i o n  of 
8 
c a n  b e  e f f e c t i v e l y  used t o  o b t a i n  s p a c e c r a f t  therms1 4 s  e t h e  r a t i o  - 
c o n t r o l  i f  t h e  v a l u e s  o f  F ( F - ~ ) ,  Q i ;  and S a r e  c o n s t a n t .  However, on 
a n  i n t e r p l a n e t a r y  mis s ion  t h e s e  q u a n t i t i e s  are v a r i a b l e .  I n  f a c t ,  f o r  
example, t h e  s o l a r  i r r a d i a n c e ,  S ,  a t  t h e  o r b i t  o f  Xercur? i s  6.6 t i m e s  
t h e  s o l a r  i r r a d i a n c e  a t  t h e  E a r t h ' s  o r b i t .  
c o n s t a n t  i n  a p l a n e t a r y  mis s ion  (Earth o r b i t ) ,  Qi and F(i-s) v a r y  de- 
Although S c a n  b e  cons ide red  
'. 
pending upon t h e  s p a c e c r a f t ' s  o p e r a t i n g  power requiremznts  and i t s  
t o r i e n t a t i o n  r e s p e c t i v e l y .  T h e r e f o r e ,  due t o  t h e  v a r i a b l e  q u a n t i t i e s  
o< 
& involved,  a system i s  needed which w i l l  a l low t h e  r a t i o  2 t o  be 
v a r i e d  i n  accordance w i t h  t h e  s p a c e c r a f t ' s  temperature .  One method of 
accomplishing t h i s  t a s k  i s  w i t h  t h e  use  of movable s h u t t e r s  o r  l ouve r s  
. w h i c h . a r e  designed t o  c l o s e  when t h e  s p a c e c r a f t  temperature  drops below 
a s p e c i f i e d  l i m i t .  The c losed  louve r s  t hen  a c t  as a thermal i n s u l a t o r  
t o  reduce f u r t h e r  h e a t  l o s s .  When h e a t  has  t o  be r e j e c t e d ,  t h e  louve r s  
w i l l  open, a l lowing h e a t  t o  escape.  
The louver  system c o n s i s t s  o f  movable b l ades  uhich are  rnechanically 
a t t a c h e d  to  the e x t e r i o r  o f  t h e  s p a c e c r a f t .  The b l a d e s  a r e  u s u a l l y  
a c t u a t e d  by e i t h e r  b i m e t a l l i c  c o i l s  o r  a bel loi~is  system u t i l i z i n g  a 
vapor - l iqu id  inivture such as Freon I1 (I). When a bellows system i s  
used a s i n g l e  l i nkage  causes  a l l  o f  t h e  b l ades  t o  r o t a t e  s im&l taneous ly .  
P r e s e n t l y  used louver  systems employ h i g h l y  p o l i s h e d  m e t a l l i c  
b l ades  which a r e  u s u a l l y  mounted over a d i f f u s e  r e f l e c t i n g  b a s e p l a t e ,  
Th i s  t ype  o f  louver  system has been used on the  Xar ine r ,  Nimbus, Pegasus,  
OSO, and OGO. Hoxever, on each s p a c e c r a f t  some type of  means has  been 
used t o  p r o t e c t  he  louve r s  from d i r e c t  s i l n l i g h t .  With t h e  advent  o f  
. 
l a r g e r  and more complex s p a c e c r a f t ,  a tempera ture  c o n t r o l  dev ice  may 
be needed which w i l l  f u n c t i o n  adequate ly  i n  f u l l  s u n l i g h t .  
p rev ious  i n v e s t i g a t i o n s  have been made on specu la r  b l ade  d i f f u s e  base  
louver  systems (1-7). 
A l l  
With t h e  development o f  s u i t a b l e  h igh  s o l a r  re- 
f l e c t i n g  specu la r  c o a t i n g s  i t  w a s  decided to  i n v e s t i g a t e  t h e  p o s s i -  
b i l i t y  of  a new type  of  louver  system s a t i s f a c t o r i l y  o p e r a t i n g  i n  
d i r e c t  s u n l i g h t .  
b l ades  mounted on a s p e c u l a r  r e f l e c t i n g  basep la t e .  An a n a l y s i s  o f  a l l  
t h e  a p p r o p r i a t e  thermal  c o n t r o l  c h a r a c t e r i s t i c s  of t h i s  new conf igura-  
t i o n  has  been made. 
This  new louver  system c o n s i s t s  of m e t a l l i c  d i f f u s e  
1 
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DESCRIPTION OF THE DIFFUSE ELADED 
SPECULAR EASE LOUVER SYSTE3I 
T h i s  a n a l y s i s  i s  made f o r  a louver  system having b l i d e s  which are 
completely d i f f u s e  and a base which i s  s p e c u l a r  r e f l e c t i n g  and d i f f u s e  
e m i t t i n g  . 
Figure  1 i s  a ske tch  of  t h i s  new louve r  system i l l u s t r a t i n g  t h e  
a l lowab le  b l ade  r o t a t i o n  and t h e  s u n ' s  p o s i t i o n i n g .  S o l a r  impingenicnt 
i s  analyzed f o r  t h e  c a s e  when a l l  r a y s  are pe rpend icu la r  t o  t h e  axis 
.of r o t a t i o n  of t h e  b l ades .  
r o t a t e  a l l  o f  t h e  b l a d e s ,  t h e  b l ade  a n g l e s  a r e  assumed i d e n t i c a l .  N o  
ove r l app ing  of t h e  b l ades  i s  assumed, t h e r e f o r e ,  t h e  widths  o f  t h e  
b l ades  and base  are  assumed t o  be u n i t y .  
Since a s i n g l e  a c t u a t o r  may be used t o  
The b l ades  o f  t h e  louver  system a r e  m e t a l l i c  w i th  a h igh  i n t e r n a l  
conductance. 
high d i f f u s e  r e f l e c t a n c e  agd a low t e r r e s t r i a l ,  i . e .  f a r  i n f r a r e d ,  
emit tance.  The base o f  t h e  s y s t e a  has  the  p r o p e r t i e s  of a h igh  s p e c u l a r  
r e f l e c t a n c e  and a h igh  t e r r e s t r i a l  emit tance:  Therefore ,  t h e  "'5 r a t i o  
i s  ve ry  lot.7 f o r  t h e  base ,  t hus  g i v i n g  i t  maximum c o n t r o l  ove r  h e a t  
d i s s i p a t i o n  through t h e  a r r a y .  Since t h e  e l e c t r o n i c  equipment i s  l o -  
c a t e d  below t h e  base  s u r f a c e ,  t h e  temperatGre of t h e  b a s s  must be kep t  
The b l ades  may be pa in t ed  t o  o b t a i n  t h e  p r o p e r t i e s  o f  a 
& 
t 
w i t h i n  p r e s c r i b e d  t o l e r a n c e s .  -1 "super white" s u r  f ace  hzving th? 
desc r ibed  p r o p s r t i e s  o f  t h e  base  has been developed by Wiebelt: (Sj. 
It i s  prepared by evapora t ing  s i l v e r  on a Vicor micro-cover glass 0.006 
inches t h i c k  and then  ovErcoat ing the  s i l v e r  with two c o a t s  o f  aluminun. 
c 
4 
The aluminum ensu res  o p t i c a l  o p a c i t y  and p r o t e c t s  t h e  s i l v e r  from 
atmospheric  t a r n i s h .  Th i s  “super  whi te“  s u r f a c e  was found to have a 
so la r  absorp+ance  o f  0.04 and a n  emi t t ance  at 83Oi: o f  0.88 +- : 03 .  - 
I 
s / In, 1 or,&er t o  f a c i l i t a t e  t h e  mathematical  a n a l y s i s  of t h e  d i f f u s e  
, 
-, ,-1- - - ------_-_--- ---blades speculaf- base  louver  system t h e  fo l lowing  assumptions are made: 
- 1) The b l a d e s  form an  i n f i n i t e  a r r a y  so t h a t  edge and end . 
e f f e c t s  may b e  n e g l e c t e d .  
._ 
2) K i r c h o f f ' s  i d e n t i t y  a p p l i e s  i n  both t h e  s o l a r  and i n f r a -  
* -- ~ 
r e d  wavelength r e g i o n s  so  t h a t  4 = 1 - f J s  and 
pt = 1 -dt = 1 -E t .  
3) The r a d i o s i t y  of  t h e  b l ades  a r e  uniform w i t h i n  d e f i n e d  
r e g i o n s  of  i l l u m i n a t i o n .  
4 )  The i n t e r n a l  conductance of  t h e  b l a d e s  and b a s e  i s  
i n f i n i t e  so  t h a t  they a r e  i so the rma l .  
5) There i s  no conduct ion o r  convec t ion  between s u r f a c e s .  
6) S o l a r  ivpingemenc i s  pe rpend icu la r  t o  the  a x i s  o f  r o t a t i o n  
o f  t h e  b l ades .  
The f i r s t  a s suxp t ion  i s  r easonab le  because an a r r a y  i s  m._de up o f  
a l a r g e  nuzber of b l ades  and the  s i z e  of ope channel  i s  smell compzred 
t o  t h e  s i z e  of  t h e  e n t i r e  a r r a y .  A l s o  a s e a l e d  r i n g  i s  placed around 
t h e  a r r a y  f a c i l i t a t i n g  t h e  n e g l i g i b l e  e d g e . e f f e c t s  assumption. This  
f i r s t  assumption z l l o w s  t h e  thermal e v e n t s  of  one channel  t o  be idertci-  
c a l  t o  t h e  t h e r n a l  ev2nts  of any o t h e r  channel  i n  t h e  a r r a y .  
K i r c h o f f ' s  i d e n t i t y  can  be proved i n  an  i so the rma l  enc losu re  (7) 
and i s  a r easonab le  a s s u q t i o n  f o r  t h e  c a s e  o f  s e p a r a t e  wavelensth 
r e g i o n s .  There a re  v2ry  few i i?ater ia ls  f o r  i'dlich & A  and 4 a r e  
8 
., 
c o n s t a n t  over  t h e  e n t i r e  range o f  wavelengths .  Hovever many eng inee r ing  
I 
I 
materials are  p a r t i a l l y  gray ;  i . e . ,  t h a t  i s  they  a r e  gray  f o r  some 
ranges  o f  wavelength.  Highly po l i shed  aluminum and ox id ized  aluminum 
are two of  t h e s e  p a r t i a l l y  gray  materials (10). S i n c e  aluminum can  be  
used f o r  bo th  t h e  b l a d e s  and t h e  base  s u r f a c e  t h e  second assumption i s  
v a l i d .  
The t h i r d  assumption was m a d e  i n  o r d e r  t o  mathemat ica l ly  ana lyze  
t h e  louver  system. It i s  b e l i e v e d  to be  much b e t t e r  t han  assuming t h e  
-t e n t i r e  b l ades  t o  be  of uniform r a d i o s i t y .  The f o u r t h  assumption i s  
cons idered  r easonab le .  S ince  both  t h e  b l ades  and base  are  meta l l ic ,  
i t  i s  r easonab le  t o  assume t h a t  t h e i r  i n t e r n a l  conductances a re  l a r g e  
enough t o  make them e s s e n t i a l l y  i so thermal .  
The f i f t h  assumption i s  r easonab le  s i n c e  a n  e v a l u a t i o n  o f  t h e  
Nimbus s p a c e c r a f t  s h u t t e r  system showed h e a t  leakage  a t  t h e  p i n s  and 
j o i n t s  t o  be  q u i t e  low (1). 
The s i x t h  assumption i s  Fade i n  o r d e r  t o  make i! two dimensional  
a n a l y s i s  of t he  louver  system. 
x 
DETERKI€?AT I O N  OF THEP2IAL CONTROL CMFL4CT kz I S  T IC S 
The i n c i d e n t  s o l a r  r a d i a t i o n  t o  a d i f f u s e  bladed s p e c u l a r  b a s e  
louver  system may i l l u m i n a t e  a louver  s e c t i o n  d i r e c t l y ,  af ter  s p e c u l a r  
r e f l e c t i o n ,  and a f t e r  d i f f u s e  r e f l e c t i o n .  Through these methods o f  
i l l u m i n a t i o n  four  d i s t i n c t  areas may e x i s t  on t h e  d i f f u s e  b l a d e s  i n  t h e  
fo l lowing  manner: 
4 
1) Direct s o l a r  impingement p l u s  specu la r  and d i f f u s e  r e f l e c t i o n  
2) Direct  s o l a r  impingement p l u s  d i f f u s e  r e f l e c t i o n  
3) D i f f u s e  and specu la r  r e f l e c t i o n  
4 )  D i f f u s e  r e f l e c t i o n  only  
I l l u s t r a t i o n s  o f  t h e s e  d i s t i n c t  a r e a s  o f  i l l u m i n a t i o n  a r c  given i n  
F igu re  2 i n  which t h e  nur,bered a r m s  correspond t o  t h e  manner i n  which 
they  are i l l u m i n a t e d .  Depending upon t h e  b l ade  ang le  and t h e  s o l a r  
p o l a r  a n g l e  a maxir?.uix o f  t h r e e  and a miniii?urn of one uniformly i r r a d i a t e d  
a r e a  may e x i s t  on a s i n g l e  b l ade .  
The i r r a d i a t i o n  o f  any o f  t hese  a r e a s  may be  c a l c u l a t e d  by usiEg 
geometry. For exanpl-2, cons ide r  t he  i r r a d i a t i o n  o f  t h e  louver  system 
i n  F igu re  3 i n  which t h r e e  d i f f e re r r t  d i s t i n c t  a r e a s  e x i s t  on b l ade  1. 
These areas are  denoted 1, l', and 1" whi le  t h e i r  image s u r f a c e s  a re  
denoted 1 ,3 ;  1 ' , 3 ;  and 1",3. The p o i n t s  a , b , c , d , f ,  and g and t h e i r  
images which a re  denoted by p r i n e s  a re  e a s i l y  Located as a func t ion  o f  
8 and t h e  Y - i n t e r c e p t  o f  t h e  s u n ' s  r ays  through t h e s e  p o i n t s .  The 
i r r a $ i a t i o n  o f  a r e a  A I  clue on ly  t o  a s p e c u l a r  r e f l e c t i o n  from s u r f a c e  
3 is:  
t h e  i r r a d i a t i o n  of a r e a  A2 due t o  d i r e c t  s o l a r  impin, Oement i s  : 
t h e  i r r a d i a t i o n  of  s u r f a c e  A 3  due t o  d i r e c t  s o l a r  impingement is:  
The q u a n t i t y  \ (y i -y j )  s i n  Q \ r e p r e s e n t s  t h e  p ro jec t ed  a r e a  nor-  
mal t o  t h e  sun. 
The t o t a l  r a d i o s i t y  o f  a s u r f a c e ,  which i s  t h e  t o t a l  r a d i a n t  power 
l eav ing  t h e  s u r f a c e  per  u n i t  area,  can  be  w r i t t e n  as 
where: 
J is  t h e  t o t a l  r a d i o s i t y ,  BTU/hr-sq. f t .  
I n  t h e  s o l a r  r e g i o n  Eb i s  n e g l i g i b l e  and f o r  t h e  so la r  r a d i o s i t y ,  
equa t ion  7 reduces  t o  
s = p G T  
. The t o t a l  i r r a d i a t i o n ,  G, , is  due to d i r e c t  i l l ux ina t ioL2 ,  s p e c u l a r  
r e f l e c t i o n ,  and d i r ' fuse  r e f l e c t i o n .  
I n  equa t ions  4 ,  5,  and 6 ,  on ly  t h e  d i r e c t  i l l u m i n a t i o n  and specu la r  
r e f l e c t i o n  wiere c o n s t d i r e d .  The re fo re ,  c o n s i d e r i n g  d ' i f f u s e  r e f l e c t i o n ,  
and y i t h  r e f e r e n c e  EO F i g u r e  3 :  
b) c,aused by solar rad2at;ion i s  
t h e  r a d i o s i t y  of t h e  s u r f a c e  A 1  (a t o  
I 
for s u r f a c e  A2 (f t o  g)  
f o r  s u r f a c e  A (b t o  c) I' 
f o r  s u r f a c e  .A1, (c t o  2 )  
\ 
Using equa t ions  9, 10, 1 1 ,  a i d  12  t h e  f o u r  unknom s o l a r  r a d i o s i t i e s  
can be  deterniincd. S ince  s u r f a c e  t h r e e  h a s  been assumed t o  be spccu- 
lar  i t  has  no s o l a r  r a d i o s i t y  a s s o c i a t e d  wi th  i t  (11). A r a d i o s i t y  i s  
a s s o c i a t e d  on ly  wi th  a d i f f u s e  s u r f a c e  o r  t h e  d i f f u s e  component o f  a 
s p e c u l a r  s u r f a c e .  Therefore ,  t h e r e  57as no r eason  t o  cons ide r  any d i s t i n c t  
areas of  i l l u m i n a t i o n  on s u r f a c e  t h r e e .  Once t h e  s o l a r  r a d i o s i t i e s  are 
I /  
- _/-’-I 
I -_--- 
known the amount o f  s o l a r  r a d i a t i o n  absorbed by each s u r f a c e  area can 
. b e  determined.  
Again assuming-that energy emi t t ed  i n  t h e  s o l a r  wavelengths  i s  - 
n e g l i g i b l e ,  t h e  s o l a r  r a d i a t i o n  absorbed by any s u r f a c e  c a n  be  w r i t t e n  
as 
So lv ing  f o r  t h e  i r r a d i a t i o n  i n  equa t ion  8 and s u b s t i t u t i n g  i n t o  equa- 
t i o n  13 g i v e s  t h e  amount o f  s o l a r  r a d i a t i o n  absorbed by any d i f f u s e  
s u r f  ace : 
For t h e  s p e c u l a r  s u r f a c e  A 3  on ly  equa t ion  13 a p p l i e s  f o r  t h e  r a d i a t i o n  
absarbed ,  
. Kow t h a t  a l l  t h e  s o l a r  p r o p e r t i e s  of  t h e  system have been d e t e r -  
mined, a t t e n t i o n  can now be s h i f t e d  t o  t h e  t e r r e s t r i a l  p r o p e r t i e s ,  o r  
t h o s e  i n  t h e  i n f r a r e d  r e g i o n .  Using r a d i a n t  p r o p e r t i e s  c h a r a c t e r i s t i c  
o f  t h e  two s p e c t r a l  r eg ions  ( s o l a r  and i n f r a r e d ) ,  b l ade  temperature  and 
- s u r f a c e  IN ) h e a t - t r a n s f e r  rates can be found by s u p e r p o s i t i o n  o f  t h e  s o l a r  - /I -_ ____ ------- - 
s o l u t i o n  upon t h e  i n f r a r e d  s o l u t i o n ,  Plamondon (12) showed t h a t  t h i s  
method compares ve ry  f avorab ly  wi th  t h e  exac t  method i n  which r a d i o s i t y  
.. 
i and i r r a d i a t i o n  a r e  f u n c t i o n s  of both p o s i t i o n  and wavelength. 
a The t e r r e s t r i a l  c h a r a c t e r i s t i c s  of t h e  system can  be determined 
by s o l v i n g  t h e  h e a t  ba l ance  equa t ions  f o r  each s u r f a c e  i n  t h e  system. 
The t e r r e s t r i a l  i r r a d i a t i o n s  o f  b l ades  1 and 2 can be w r i t t e n :  
f o r  b l a d e  1, 
and f o r  b l a d e  2 ,  
u 
Using equa t ion  7 t h e  t e r r e s t r i a l  r a d i o s i t i e s  o f  t h e  b l ades  can be 
w r i t  t e n  ; 
f o r  blade 1, 
f o r  b l ade  2, 
S ince  t h e r e  i s  no i n t e r n a l  h e a t  gene ra t ion  w i t h i n  t h e  b l ades ,  t h e  
t o t a l  energy emi t t ed  by them i s  equa l  to t h e  t o t a l  energy absorbed.  
R e f e r r i n g  t o  F igu re  3 t h i s  can  be  w r i t t e n :  
f o r  b l ade  1, 
d 
f o r  b l ade  2 ,  
where 
Qssr i s  t h e  t o t a l  s o l a r  energy absorbed by b l a d e  1, BTU/hr-ft 2 
o r  
I 
(22) QSB I = Q S I  $- q 5 1  I -t- q., / I  
Since  t h e  b l a d e s  are assumed i so the rma l  TI = T 2  and t h e  b l a d e s  are  
of equa l  a r e a  A 1  = A2,  equa t ions  20 and 2 1  can b e  reduced t o ,  
t 2  * 
Equations l a ,  1 9 ,  and 2 2  can  now be solved f o r  TI, Jtl, and J 
The amount of emi t t ed  energy absorbed by each s u r f a c e  may then  be 
c a l c u l e t e d  by t h e  fo l lowing  r e l a t i o n s :  
where 
Q t i  i s  the  amount o f  t e r r e s t r i a l  energy absorbed by s u r f a c e  i, 
BTU/hr- €t2  
i s  t h e  emis s ive  power of  s u r f a c e  i ,  E;TU/hr-ft- ' 7  E t i  
* T h e  n e t  energy t r a n s f e r  a t  t h e  base  i s  t h e  d i f f e r e n c e  between t h e  
emis s ive  power and t h e  t o  t a l  energy absorbed, 
’ I /‘ 
1 - -c _2____+-- --/ 
I /  The s i g n  Convention adopted i s  t h a t  a p o s i t i v e  Qnet means h e a t  i s  being 
r e j e c t e d .  
-. 
CALCUL4TION OF EFFECTIVE SOLAR REFLECTANCE 
- .
I n  F i g u r e  3 i t  is seen  t h a t  t h e  amount o f  energy escaping from 
t h e  channel  i s  a f u n c t i o n  of  both t h e  b l ade  a n g l e  and t h e  s o l a r  p o l z r  
ang le .  The e f f e c t i v e  s o l a r  r e f l e c t a n c e  may be de f ined  a s  t h e  r a t i o  of 
t h e  s o l a r  energy o u t  t o  t h e  s o l a r  energy i n t o  the  channel ,  
a r e a  A& t o  b2 space a t  OoR t h e  solar energy out of  t h e  channel i s  
(Figure 3 )  
Consider ing 
and 
q;, = 5 c o s  + 
There fo re  t h e  e f f e c t i v e  s o l a r  r e f l e c t a n c s  
(30a) 
:. .I . I - 
24 
The effective solar reflectance may also ba experimentally determined 




.... . .  
* , .  
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CALCULATION OF TOTAL IMAGED VIEW FACTORS 
Although a number of methods f o r  determining view f a c t o r s  are 
a v a i l a b l e ,  H o t t e l ' s  c ros sed  s t r i n g  method (13) l ends  i t s e l f  t o  t h e  
s i t u a t i o n  o f  louver  systems, e s p e c i a l l y  when blockage i s  involved. I n  
this method f l u x  a l g e b r a  and t h e  assumption t h a t  t h e  areas involved are 
i n f i n i t e  i n  l e n g t h  ( i n  t h e  d i r e c t i o n  normal t o  t h e  p l a n e  of t h e  paper 
i n  F i g u r e  4 )  are used t o  show t h a t ,  
(sum o f  c ros sed  s t r i n g s )  - (sum o f  uncrossed s t r i n g s )  
A P  (1-2)= 2 (31) 
R e f e r r i n g  t o  Figure 9, t h e  s t r i n g  d i s t a n c e s  are t h e  d o t t e d  l i n e s  o r ,  
- - 
ad + - (ac + bd) 
2 - V ( 1 - 2 )  - 
where 
- 
ad is  t h e  l e n g t h  of t h e  imaginary t i g h t l y  s t r e t c h e d  s t r i n g  
between t h e  p o i n t s  a and d 
It should be noted t h a t  t h e  s t r e t c h e d  s t r i n g  must pas s  through a specu- 
lar s u r f a c e  i n  determining t h e  view f a c t o r  between a n  image s u r f a c e  and 
any o t h e r  s u r f a c e ,  b u t  the s t r i n g  cannot  p a s s  through a d i f f u s e  s u r -  
face. This  r e s t r i c t i o n  can be f u r t h e r  exp la ined  by cons ide r ing  t h e  
louver  system arrangement i n  F igu re  3 .  Since  a n  observer  l o c a t e d  any- 
where on t h e  image s u r f a c e  l", 3 cannot "see" s u r f a c e  2, 
' (1" , 3-2)" 
An obse rve r  on t h e  image s u r f a c e  1 , 3  can  "see" s u r f a c e  2 from any 
p o i n t  on s u r f a c e  1 , 3 .  Therefore ,  t h e  view f a c t o r  from 1 , 3  t o  2 i s  
- -  
ad + b ' f  - (2 + b'd) 
F(1,3-2)=  2 ab '  (33) 
However, a n  obse rve r  on t h e  image s u r f a c e  1 ' , 3  cannot always "see" 
s u r f a c e  2. 
a d i f f u s e  s u r f a c e  t h e  view f a c t o r  from t h e  s u r f a c e  1 ' , 3  t o  s u r f a c e  2 
i s  
Remembering t h a t  t h e  s t r e t c h e d  s t r i n g  cannot  p a s s  through 
- - -  - 
b'd + df - (b ' f  + c 'd )  + c ' d  -
(1' ,3-2)= 2 b ' c '  
F (34 )  
Using a f i x e d  c o o r d i n a t e  system and a l o g i c  system invo lv ing  Y 
i n t e r c e p t s  of v a r i o u s  p o i n t s  on t h e  louve r  system, a d i g i t a l  computer 
program was devised t o  c a l c u l a t e  t h e  necessa ry  t o t a l  imaged view f a c t o r s  
as a f u n c t i o n  o f  bo th  t h e  b l a d e  a n g l e  and t h e  s o l a r  ang le .  The d i g i t a l  
computer program appears  i n  Appendix A. 
RESULTS 
Because of t h e  complexity o f  t h e  equa t ions  governing t h e  thermal 
c o n t r o l  c h a r a c t e r i s t i c s  of  t h e  louver  system i t  was necessa ry  t o  u s e  
the IBPl 7040 computer i n  o r d e r  t o  o b t a i n  numerical  ' s o l u t i o n s .  Solu- 
t i o n s  were ob ta ined  f o r  D from 0' t o  90' and f o r  Q from -30' t o  90°, 
both i n  any d e s i r e d  increment.  The r e s u l t s  g iven  i n  F igu res  5 . a ,  b ,  
c ,  d are f o r  a louver  system having b l ade  p r o p e r t i e s  = 0.80 and 
Et = 0.10, base  p r o p e r t i e s  
ps 
ps = 0.90 and E, = 0.85, and a base  tempera- 
t u r e  of 5300R. The chosen base  temperature  i s  t y p i c a l  of s p a c e c r a f t  
requirements .  The chosen b l ade  and base  p r o p e r t i e s  a r e  r e p r e s e n t a t i v e  
o f  a combination which i s  e a s i l y  o b t a i n a b l e .  I n  F igu res  5 a - d  t h e  
amount o f  h e a t  absorbed by t h e  base i s  d iv ided  i n t o  two components. 
The cu rve  a s s o c i a t e d  wi th  t h e  hatched area r e p r e s e n t s  t h e  s o l a r  energy 
absorbed by t h z  bzse.  The middle curve r e p r e s e n t s  t h e  t e r r e s t r i a l  
energy absorbed by t h e  base.  Th i s  i s  due t o  t h e  t e a p e r a t u r e  of  t h e  
b l ades  and the  temperature  of  t h e  base i t s e l f .  The top cu rve  r e p r e -  
s e n t s  t h e  t o t a l  amount o f  energy absorbed by t h e  base  s u r f a c e .  
Notice i n  each of  t h e  f i g u r s s  t h a t  t h e  maximcm amount of s o l a r  
energy absorbed occurs  whenever 8 t Q = 90'. A t  t h i s  p o s i t i o n  the 
b l ades  r e c e i v e  no d i r e c t  s o l a r  impingement; t hus  t h e  base a r e a  i s  en- 
t i r e l y  i r r a d i a t e d .  how eve^, t h i s  p a r t i c u l a r  combination o f  8 and Q 
does not  always r e s u l t  i n  t h e  worst  h e a t  r e j e c t i o n  c a s e .  For i n s t a n c e  
when Q = 0 (Figure 5 a ) ,  t h e  maximu.. s o l a r  energy absorbed occurs  
when 8 + 0 = 90, b u t  t h i s  i s  a l s o  t h e  p o s i t i o n  f o r  t h e  minimum 
amount of  t h e  t o t a l  and terrestrial  energy be ing  absorbed. The re fo re ,  
i n  t h i s  case t h e  t e r res t r ia l  energy i s  t h e  dominate f a c t o r  and maximum 
h e a t  d i s s i p a t i o n  occur s  whenever i t  is a minimum. It a l s o  should b e  
noted t h a t  i f  t h e  s p a c e c r a f t  could be  positioned such that Ci) = Oo at 
- a l l  tlrnes, t h e n  a l i n e a r  a c t u a t o r  l ouve r  mechanism could be used i n  
f u l l  s u n l i g h t  w i t h  a maximun h e a t  d i s s i p a t i o n  of 40.6 BTU/hr-ft2. 
i s  o f  c o u r s e  n e g l e c t i n g  albedo,  s o l a r  pane l  i n p u t ,  and aGy o t h e r  h e a t  
i n p u t s  t o  t h e  louver  system. 
This  
I n  F i g u r e s  5 . c ,  d it  i s  seen  t h a t  t h e  wors t  h e a t  r e j e c t i o n  does 
occur  when 0 + Q = 90°. However, i n  F igu re  5 . b  ( Q = 20) t h e  worst  
c a s e  occur s  when t h e  louve r s  are f u l l y  c losed ,  b u t  t h e  maximum h e a t  
r e j e c t i o n  i s  a c c o q l i s h e d  when 0 - 0 = 90'. Figures  5a-d, i n d i c a t e  
t h a t  unless 
n o t  f u n c t i o n  p r o p e r l y  in s u n l i g h t .  
c j  is  h e l d  a t  00 t hen  a l i n e a r  a c t u a t e d  louver  system w i l l  
I n  P i g a r e s  6 a ,  '7a t h e  thermal  c h a r a c t e r i s t i c s  o f  t h e  p a r t i c u l a r  
systern i a v e s t i g a t e d  are giveii f o r  v a r i o u s  s o l a r  p o l a r  ang le s .  Notice  
t h a t  t h e  b l a d e  te iaperzture  i n c r e a s e s  f o r  0 = Oo t o  0 = 30° w h i l e  t h e  
h e a t  r e j e c t i o n  c a p a c i t y  dec reases  i n  t h e  s a m e  l i m i t .  Kowever, due t o  
t h e  geome2ry of t h e  system, t h e  h e a t  r e j e c t i o n  c a p a c i t y  i n c r e a s e s  as 
Q i n c r e a s e s  from 30' w h i l e  t h e  b l a d e  temperatures  dec rease  i n  t h e  
same l i m i t .  
F igu res  b b ,  c ,  7b,  c show t h e  thermal  c h a r a c t e r i s t i c s  o f  louver  
systems wi;h v a r l o u s  o t h e r  p r o p e r z i e s .  No t i ce  t h a t  by changing t h e  
p r o p e r t i e s ,  t h e  naxinum and minimun h e a t  d i s s i p a t i o n  may be in f luenced .  
t o r  i n s t a n c e  i n  F i g u r e  7 , c  t h e  d i f f e r e n c e s  between t h e  h e a t  r e j e c t i o n s  n 
f o r  t h e  f u l l y  c losed  and f i l l l y  opened p o s i t i o n s  are  much less  t h a n  t h e  co r -  
\ 
responding d i f f e r e n c e s  i n  F igu re  ?a,- It would'seem t n a t  maximum 1 
thermal c o n t r o l  would be achieved when t h e s e  d i f f e r e n c e s  reached a maxi- 
mum. Ilo:t'ever> mis s ion  requirements  may d i c t a t e  a system with thermal  
c h a r a c t e r i s t i c s  s i m i l a r  t o  t h o s e  i n  FLgure "7. 
I n  F i g u r e s  e a ,  b,  c, d t h e  r e s u l t s  o f  t h e  experimental  determina- 
t i o n  o f  s o l a r  r e f l e c t a n c e  are compared to t h e  a n a l y t i c a l  r e s u l t s .  
Notice  t h a t  t h e  t r e n d  o f  t h e  experimental  r e s u l t s  t o  run  h i g h e r  o r  lower 
than  t h e  a n a l y t i c a l  r e s u l t s  i s  nor t h e  s a m e  f o r  bo th  n e g a t i v e  and pos i -  
t ive  va1r;es o f  q . T h i s  can  be exp la ined  v e r y  simply s i n c e  t h e  t e s t  
sample  h2d t o  be r e o r i e n t e d  and t h e  o p t i c s  system a l t e r e d  when proceed- 
i n g  from a p o s i t i v e  t o  a n e g a t i v e  and r e s u l t i n g  i n  a loss  of  s i m i l a r i t y .  
The s c a t t e r i n g  o f  r a d i a t i o n  i n  t h e  p l ane  o f  t h e  b l ades  due t o  
t h e i r  difz 'use p r o p e r t y  w a s  found t o  be a s i g n i f i c a n t  f a c t o r  o f  e r r o r .  
The i c a b i l i t y  o f  a t t a i n i n g  a p e r f e c t l y  p a r a l l e l  beam o f  i n c i d e n t  r a d i a -  
t i o n  a l s o  r e s u l t e d  i n  a n  i n c r e a s e  i n  t h e  s c a t t e r i n g .  Some d i f f i c u l t y  
i s  evidenced i n  t h e  c o r r e l a t i o n  o f  the a n a l y t i c a l  and experimental  
r e s u l t s  because t h e  experiment involved a f i n i t e  sample  s i z e  and a 
f i n l t e  wideh of  impinging r a d i a t i o n ,  bo th  of which c o n t r a d i c t  t h e  
assuinptioris of  t h e  a n a l y t i c a l  s o l u t i o n .  
. . .  .. . 
” 
CONCLUSIONS 
I n i t i a l l y  i t  was thought  t h a t  w i t h  t h e  development o f  new s p e c u l a r  
r e f l e c t i n g  c o a t i n g s  w i t h  ve ry   lor^ &s r a t i o s ,  a n  improved louve r  
system could  be  designed u t i l i z i n g  a s p e c u l a r  b a s e  and d i f f u s e  b l ades .  
The advantage o f  t h e  low 
system t o  a t t a i n  a h i g h  e f f e c t i v e  s o l a r  r e f l e c t a n c e .  The r e d u c t i o n  i n  
t h e  t r a p p i n g  e f f e c t  of  t h e  sun ‘ s  energy caused by m u l t i p l e  r e f l e c t i o n s ,  
t h e  a t t a i n m e n t  o f  cons ide rab ly  lower b l a d e  tempera tures ,  and t h e  low 
s o l a r  absorp tance  o f  s o l a r  energy appear  t o  be  t h e  main advantages  of  
t h e  new c o n f i g u r a t i o n  over  t h e  s p e c u l a r  b l a d e  d i f f u s e  base  louver  system. 
tIowever, t h i s  a n a l y s i s  shows t h a t  t h i s  system w i l l  n o t  perform sa t i s -  
f a c t o r i l y  i n  s u n l i g h t  u i t h  a l i n e a r  a c t u a t o r .  Th i s  i s  t h e  same problem 
encountered w i t h  t h e  s p e c u l a r  b l ade  louver  system. S ince  h e a t  r e j e c t i o n  
E 
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E. s p e c u l a r  base  i s  t h e t  i t  a l lows  t h e  
f o r  t h e  louver  system i s  a- f u n c t i o n  o f  bo th  b l ade  a n g l e  and s o l a r  p o l a r  
a n g l e ,  a non l inea r  a c t u i t o r  could  no t  be used.  X l o g i c a l  c o n t r o l  s y s t m  
could be dev i sed ,  b u t  i t  would be  q u e s t i o n a b l e  whether t h e  e f f e c t i v e -  
n e s s  could  outw2igh t h e  c o s t .  S h i e l d i n g  of  t h e  louve r s  has  been s t u d i e d ,  
bu t  t h e  maximum d i s s i p a t i o n  is cons ide rab ly  decreased  whenever a thermel 
b a r r i e r  i s  used.  
F u r t h e r  irives t i g a t  i ons  i n t o  improvements o f  louver  system may be 
a long  t h e  l i n e s  o f  a comple te ly  specu la r  system w i t h  t h e  base  and che 
underside of  t h e  b l ades  coa ted  w i t h  a low “‘.5 material. 
r 
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APPEhQIX A 
COMPUTER PROGFGUI DESCRIPTION 
A d i g i t a l  computer program has been w r i t t e n  f o r  t h e  a n a l y s i s  of 
a d i f f u s e  bladed s p e c u l a r  base  louver  system i n  which t h e  b l ade  ang le  
may assume any v a l u e  from 0' t o  90' and the  s o l a r  p o l a r  a n g l e  may t a k e  
on any v a l u e  from -90' t o  90'. 
I n  the d i g i t a l  computer program a l l  louver  c h a r a c t e r i s t i c s  i n  
the s o l a r r e g i o n  of t h e  spectrum a r e  determined f i r s t  f o r  a p o s i t i v e  
and then  f o r  a n e g a t i v e  s o l a r  p o l a r  ang le .  A f t e r  a l l  s o l a r  c h a r a c t e r -  
i s t i c s  a r z  found, t h e  t e r r e s t r i a l  c h a r a c t e r i s t i c s  a r e  determined. No 
subrou t ines  a r e  used except  f o r  LNEQSS, which i s  a Watfor sub rou t ine  
for a s o l u t i o n  o f  N simultaneous equa t ions .  
I n  o r d e r  t o  dec rease  coEputer t h e ,  no louver  p r o p e r t i e s  wer2 
s u b s c r i p t e d .  The re fo re ,  a l l  p r o p e r t i e s  d e s i r e d  m u s t  be p r i n t e d  o u t  
s imultaneously f o r  each p a r t i c u l a r  S l ade  a n g l e  and s o l a r  p o l a r  e n g l e  
encoun-Cered, 
A l ,  A l p ,  A l P P ,  A 2  
NOMENCLATURE 
areas.  o f  s u r f a c e s  1, L ' ,  l", 
and 2 r e s p e c t i v e l y ,  f t 2  
s o l a r  r a d i o s i t i e s  of  s u r f a c e s  
1, 2 ,  l', acd 1" r e s p e c t i v e l y ,  
ETUfhr - f t 2 
F1P2 
FlP2T 
GI, G2, GlP, GlPP 
PH 1 
R A D 1 ,  RAD2 
THETA 
w 1 ,  w2, w4 
W 3 1 ,  W32 
XlP, YlP, X2P, Y2P 
Y i  
area o f  s u r f a c e  1 t ines  t h e  
d i f f u s e  v i e 1 3 7  f a c t o r  from s u r f a c e  
1 t o  2,  d imens ionless  
a r e a  o f  s u r f a c e  1 t i m e s  t h e  t o t a l  
imaged view f a c t o r  from s u r f a c e  
1 t o  2, d imens ionless  
i r r a d i a t i o n  of  s u r f a c e s  1, 2, l ' ,  
and 1" due t o  d i r e c t  impingement 
of a s p e c u l a r  r e f l e c t i o n ,  BTU/hr-ft 2 
s o l a r  p o l a r  a n g l e ,  degrees  
t e r res t r ia l  r a d i o s i t i e s  o f  b l ades  
-1 and 2 r e s p e c t i v e l y ,  BTU/hr-ft2 
b l ade  a n g l e ,  degrees  
p r o j e c t e d  a r e a  of  d i r e c t  i l l u m i -  
n a t i o n  o f  b l ade  1, t h e  base ,  and 
2 b l ade  2 r e s p e c t i v e l y ,  BTU/hr-ft 
p r o j e c t e d  a r e a  of  s p e c u l a r l y  re- 
f l e c t e d  i l l u m i n a t i o n  o f  b l ades  
2 1 and 2 r e s p e c t i v e l y ,  BTU/hr-ft 
c o o r d i n a t e s  of  p o i n t s  o f  i n t e r -  
s e c t i o n  o f  s u r f a c e s  1 and l', 
1' and 1" r e s p e c t i v e l y ,  f t  
Y- in t e rcep t  of a r a y  pass ing  
through po in t  i, f t  
L 
INPUT DATA 
The program i n p u t  d a t a  i s  l i s t e d  on f i v e  cards wi th  format  f i e l d  
of  10 spaces  f o r  each q u a n t i t y  on each c a r d .  
Card 1. XNT XNP 
Card 2 .  RHO1 R H 0 2  R H 0 3  P 
Card 3. THEMIW THENAX PHIMLW P€IIPiAX 
Card 4 .  ALPHA1 ALPHA2 ALPHA3 
Card 5. EPDf 1 EPBi 2 EN313 T3 
where : 
XNT - s i z e  of b l ade  a n g l e  increment ,  degrees  
XKP - s i z e  of  s o l a r  p o l a r  a n g l e  increment ,  degrees  
RHO1, RB02, RHO3 - s o l a r  r e f l e c t a n c e  of  s u r f a c e s  1, 2 ,  and 3 
r e s p e c t i v e l y ,  d imens ionless  
P - s o l a r  r a d i E t i o n  i n t e n s i t y ,  BTU/hr-ft2 
THEXLN - miniwum b lade  a n g l ~  ( < O o ) ,  degrees  
THEPLLY - maximum b l a d s  ang le  ( 3: 90’) , degrees  
P’dDIIW - minimum s o l a r  p o l a r  a n g l e  ( yC - g o o ) ,  degrees  
PHINU - maxinua s o l a r  p o l a r  a n g l e  ( .> g o o ) ,  degrees  
ALPHA1, ALPHA?, ALPtLA3 - s o l a r  abso rp tance  o f  s u r f a c e s  1, 2 ,  and 
3 r e s p e c t i v e l y ,  dirncns i o n l e s s  
EPm1, E?-P12, EFP13 - t e r r e s t r i a l  emi t t ance  o f  s u r f a c e s  1, 2 ,  and 3 
r e s p e c t i v e l y  , dimens ionless  
T 3  - ten:peraturG o f  bas? s u r f a c e ,  O R  
PRI tXED OUTPUT 
A s  t h e  program i s  now l i s t e d  t h e  p r i n t e d  o u t p u t  c o n t a i n s  f i r s t  
a n  echo check of a l l  d a t a  i.nput and t h e  f o l l o v i n g :  
QABS1, QABS2, QABS3 - s o l a r  energy absorbed by s u r f a c e s  1, 2 ,  and 
3 r e s p e c t i v e l y  , BTUfhr- f t2 
REFLEC - e f f e c t i v e  s o l a r  r e f l e c t a n c e ,  dimensionless  
Q1, 42, RQASS3 - energy absorbed by s u r f a c e s  1, 2, and 3 r e s p e c t i v e l y  
i n  t h e  i n f r a r e d  r eg ion ,  BTU/hr-ft2 
QNET - n e t  thermal energy absorbed by base  s u r f a c e  (assumed 
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FIGURE 3 SCZ3EPLITIC DIAGRAIIf FOR XLLUf4I~ATION OF LOUVERS 
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